promise in the clinic. 13 We showed previously that T cells from patients with MS respond to epitopes from 8 regions of myelin basic protein (MBP), 14 with 5 regions being recognized most frequently. Here we show that 4 of these epitopes behave as apitopes. A cocktail of these peptides (ATX-MS-1467) can suppress experimental autoimmune encephalomyelitis (EAE) in a humanized mouse model. Furthermore, a phase 1 trial of antigen-specific immunotherapy with ATX-MS-1467 has shown that treatment with this apitope cocktail is safe and well-tolerated in a group of 6 patients with secondary progressive MS (SPMS).
METHODS Primary research questions. The study was designed to test the efficacy of ATX-MS-1467 in a relevant preclinical model and to assess its safety for the treatment of SPMS.
Ethics statements. Animal experiments were carried out under a UK Home Office Project License and were reviewed by the University of Bristol Ethical Review Committee. Consent documents for the phase 1 trial were given by the Medicines and Healthcare Products Regulatory Agency and the local research ethics committee (EudraCT No. 2006-004329-27 ).
ATX-MS-1467. ATX-MS-1467, an equal parts mixture of synthetic peptides ATX-MS1 (MBP30-44), ATX-MS4 (MBP131-145), ATX-MS6 (MBP140-154), and ATX-MS7 (MBP83-99)
in phosphate-buffered saline (PBS), is manufactured by Bachem (Bubendorf, Switzerland) and formulated by Nova Laboratories (Wigston, UK). Peptides were characterized (table 1) by measuring 3 H-thymidine incorporation of T-cell clones specific for MBP 14 using live or paraformaldehyde-fixed antigenpresenting cells (APC) 15 or using the Proimmune REVEAL assay (Oxford, UK).
Mice and EAE.
(Ob x DR2)F1 mice 16 were provided by Prof. Lars Fugger and maintained at the University of Bristol. Mice were immunized subcutaneously at the base of tail with an emulsion composed of 100 mg of spinal cord homogenate in Freund complete adjuvant and Mycobacterium tuberculosis H37RA (4 mg/mL final concentration) (Difco; Becton, Dickinson and Company, Oxford, UK). This was followed by 200 ng of pertussis toxin (Sigma-Aldrich, Gillingham, UK) in PBS injected intraperitoneally on days 0 and 2. Groups of 10-20 mice were injected subcutaneously with 100 mL of clinical-grade ATX-MS-1467 twice weekly. Experiments including both male and female mice had equivalent numbers of age-and sex-matched animals in treatment and control (PBS) groups. Treatment with ATX-MS-1467 was compared with clinical-grade glatiramer acetate (GA), since GA is the only approved peptide immunotherapy for MS. GA was given subcutaneously at 2 mg daily. Clinical signs of EAE were scored by 2 independent observers as follows: 0, no disease; 1, flaccid tail; 2, impaired righting reflex and/or partial hind leg paralysis; 3, total hind limb paralysis; 4, fore and hind limb paralysis; 5, moribund or dead.
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Phase 1 study design. Adult patients with SPMS 17 were recruited from the MS Database at North Bristol NHS Trust. Women of childbearing potential were to use 2 forms of medically acceptable contraception and were required to have a negative pregnancy test. Men were to use medically acceptable contraception. Patients were excluded from the trial if they had taken interferon (IFN) b or any other immune treatment within the past 12 months, had received steroid treatment or had had a documented relapse during the 3 months prior to screening, were pregnant or breastfeeding, had MRI claustrophobia, had significant medical or psychiatric conditions, had undergone major surgery in the previous 4 weeks, had any other autoimmune disease or a gadolinium allergy, or had participated in another clinical trial in the 12 months prior to the first dose of ATX-MS-1467. Six of 8 patients satisfied the inclusion criteria: 2 men and 4 women with a median age of 50 years (range 37-68 years), a median duration since disease onset of 11.5 years (range 11-21 years), a median duration of the secondary progressive phase of 5.5 years (range 3-11 years), and a median Expanded Disability Status Scale (EDSS) score 18 of 6.5 (range 5-7.5) at baseline. Informed consent was obtained from all the participating patients prior to screening.
Following screening (visit 1 at day 214), each patient received 6 intradermal injections of ATX-MS-1467 at different skin sites at 7-to 14-day intervals. Doses started at 25 mg (visit 2) and then escalated to 50, 100, 400, and 800 mg (visits 3-6), followed by a second injection of 800 mg (visit 7). Follow-up visits were at 1 month (visit 8) and 3 months (visit 9) after the last dose.
Screening at visit 1 included a comprehensive medical history, physical and neurologic examinations, blood sampling for routine Immunologic tests. The development of antipeptide antibodies against ATX-MS-1467 during the course of the study was measured by a solid-phase ELISA of plasma separated from blood samples collected at visits 1, 8, and 9. Bound antibody was detected with anti-human k light-chain antibody coupled to horseradish peroxidase. HLA-DRB1 alleles were defined by low-resolution typing using a standard single-strand conformation polymorphism PCR technique on DNA extracted from peripheral blood leukocytes. Changes in the immune response to self or foreign antigens following ATX-MS-1467 dosing was monitored in a kinetic assay in vitro. 19 Peripheral blood mononuclear cells (PBMC) were isolated from citrated blood samples collected at screening (visit 1), prior to dosing at visits 3-7, and at follow-up (visits 8 and 9) and stored under liquid nitrogen. PBMC were thawed, and cultures (750,000 cells/well, 48-well plate) were established in the presence of self-antigens human MBP (50 mg/mL), ATX-MS-1467 (20 mg/mL), or purified protein derivative of Mycobacterium tuberculosis (PPD, a component of the bacillus Calmette-Guérin [BCG] vaccine, 50 mg/mL). Negative control wells contained no antigen. Responses to antigens were monitored over a period of 10 days. At days 2, 4, 6, 8, and 10, duplicate aliquots of the cell suspensions were removed and pulsed with 3 H-thymidine to assess cell proliferation, as previously described. 20 At the same time points, samples of culture supernatant were collected to determine the level of secreted cytokines (CBA human Th1/Th2 cytokine kit, BD Biosciences, Oxford, UK). RNA was extracted from the remaining cells with TRIzol (Life Technologies, Paisley, UK) and reverse transcribed with Superscript III Rnase H 2 Reverse Transcriptase (Life Technologies), and copy number of IFN-g, tumor necrosis factor a, and IL-10 cytokines was estimated by quantitative real-time PCR. 21 To account for differences in RNA input copy number and complementary DNA synthesis, cytokine gene induction was expressed as relative copy number normalized to the housekeeping gene b-2 microglobulin.
MRI. Gadolinium-enhanced MRI brain scans to monitor inflammation of the CNS were performed at screening (visit 1) and repeated prior to the fifth and sixth doses (visits 6 and 7), with a further scan 1 month after the last dose (visit 8), according to local clinical practice. All patients were scanned on a 1.5T Philips Gyroscan ACS-NT (Philips Healthcare, Guildford, UK). Conventional T2-weighted axial views of the whole brain were obtained in all patients together with gadolinium-enhanced T1-weighted scans. The scans were assessed by a consultant neuroradiologist, and each scan was compared with previous images to detect evidence of new disease activity.
Statistical analysis. EAE. Time to onset of disease was defined as the first day with a nonzero disease score; statistical analysis was by the log-rank test. Disease duration was defined as the number of days between the first and last nonzero disease scores. Animals that did not get disease during the study period were excluded; statistical analysis was by the log-rank test. The mean maximum disease score was calculated for each treatment group; statistical analysis was by exact Wilcoxon rank sum tests and compared each treatment group to PBS.
First-in-human study. Summary statistics by dose level were produced for vital signs, ECG, clinical chemistry, autoantibody analysis, hematology, and urinalysis together with changes from baseline. The small cohort of 6 patients limited statistical analysis of the immunology data.
Classification of evidence. This study provides Class IV evidence that ATX-MS-1467 is safe and tolerated in a group of 6 patients with SPMS.
RESULTS ATX-MS-1467 a combination of apitopes from MBP. HLA restriction of MBP-reactive T-cell clones, derived from HLA-DR2-positive individuals, 14 was tested for recognition of ATX-MS-1467 epitopes using L-cell fibroblasts transfected with DQ6, DR2a, or DR2b genes. Among the 5 regions of MBP most frequently recognized by T cells from patients with MS (table 1) , 4 peptides were presented to relevant T-cell clones by both live and fixed APC and were defined as apitopes. The exception was the epitope within the 150-170 region. T cells specific for the 156-170 epitope did not respond to peptide presented by fixed APC. T-cell clones specific for MS1 and MS4 recognized antigen presented by DQ6 L-cell transfectants, whereas MS7-specific T cells were restricted by DR2b. T-cell clones specific for peptides from the 135-159 region recognized 2 distinct minimal epitopes (140-148 or 142-152); these were restricted by DR2b and DR2a, respectively. Peptides MS1, 4, 6, and 7 were tested for stabilization of MHC class II alleles using the Proimmune REVEAL binding assay. It is important that neither of the DQB1*0602-binding epitopes, MS1 or 4, demonstrated detectable binding to this allele (table 1) . Furthermore, while MS6 contains epitopes recognized by T cells restricted by either DR2a or DR2b, this MHC binding assay did not detect any significant binding of this peptide to either DR2a (DRB5*0101) or DR2b (DRB1*1501). In marked contrast, MS7 was shown to bind well to various class II alleles, including DRB1*1501, indicating that MS7 behaves as a pan-DR binding epitope. These results show that MS1, 4, and 6 bind their known restriction elements (table 1) with an affinity that is below the level of detection for this peptide-MHC binding assay. 22 Lymphocytes from control mice responded to MBP 83-99 (MS7) in vitro by undergoing cell division and secreting IFN-g, IL-17, and granulocyte-macrophage colony-stimulating factor (data not shown). Furthermore, studies showed that subcutaneous treatment with MS7 consistently suppressed T-cell proliferation and secretion of these 3 proinflammatory cytokines.
We tested the ability of the ATX-MS-1467 peptide cocktail to both prevent and treat ongoing disease in the (Ob x DR2)F1 mouse. As shown in figure 1 figure 1C ). Most importantly, treatment with ATX-MS-1467 reduced both mean maximum score (p , figure 1D ).
Phase 1 clinical trial of antigen-specific immunotherapy in SPMS: Clinical assessments. Six patients with SPMS entered the trial with EDSS scores ranging from 5 to 7.5; all patients completed the treatment regimen. The patients expressed a broad distribution of HLA-DR alleles-DRB1*01, DRB1*04, DRB1*07, DRB1*11, DRB1*13, DRB1*14, and DRB1*15-representing 77% of Caucasian HLA haplotypes. ATX-MS-1467 was well-tolerated in all patients, with no major local reactions noted. AEs reported during the study are shown in table 2. These were not linked consistently to the time of injection, and the patients continued to receive the investigational medicinal product (IMP) with no further recurrence of the described AEs. Two of the 14 AEs, muscle spasms and decreased ability in both legs (affecting 1 patient), were possibly related to the study but resolved within 2 days. The remaining AEs were considered to be unrelated to the study drug.
One serious AE was reported during the trial and involved hospitalization of a male patient with a urinary tract infection (attributed to intermittent self-catheterization) with an accompanying worsening of mobility. He recovered to his previous condition with antibiotic treatment and continued to receive further doses with no recurrence. The event was considered unrelated to the IMP. No suspected unexpected serious adverse reactions were reported. Clinical monitoring of vital signs showed no significant change following drug administration and during follow-up; safety blood parameters remained within normal limits; serial ECGs obtained within 24 hours after individual doses showed no clinically significant changes; and PR, QRS, and QTc intervals showed no consistent deviation from normal after individual doses. The study did not undergo any major protocol amendment.
An improvement in visual acuity in both eyes was demonstrated in 1 patient at the first follow-up visit and persisted throughout (baseline acuity: 6/24 right eye, 6/9 left eye; visit 8: 6/9 right eye, 6/6 left eye). No other significant differences in neurologic findings recorded at screening and at follow-up visits were observed. The EDSS scores for each patient were unchanged at the end of the trial.
Serial MRIs showed no evidence of worsened disease activity; 5 patients remained unchanged from baseline. An indication of a radiologic improvement was noted in 1 patient at visit 8, but this was not associated with any improvement in the clinical symptoms of MS (data not shown).
Immunologic analyses. None of the patients displayed an antibody response to ATX-MS-1467 at screening; furthermore, no antipeptide antibodies were detected at the end of treatment (data not shown). This correlates with the lack of injection site complications or allergic manifestations during the trial.
The immunologic status of each patient was assessed by measuring lymphocyte responses (cell proliferation, cytokine RNA expression, and secretion) to MBP, and this was compared to the response to PPD from the BCG vaccine. Although there was some variation in the response to PPD, there was no evidence that the observed changes were associated with treatment ( figure 2, A-E) . The response to MBP was relatively low, with only 3 of 6 patients showing a strong response to MBP at trial entry. Of note, there was no evidence that treatment with ATX-MS-1467 enhanced the response to MBP (figure 2F). None of the individuals who responded weakly to MBP at visit 1 showed an enhanced response to the protein after the trial; therefore, there is no evidence that this treatment leads to immunologic priming of MBP-specific T cells. The 3 individuals who responded strongly to MBP at visit 1 all showed a reduction in the response to the protein at visit 8, as reflected in the reduced variation in response at this time point ( figure 2F ). Taking all of the patients together, there was a Table 2 Summary of adverse events Neurology: Neuroimmunology & Neuroinflammationreduction in the response to MBP from visit 1 (prior to dosing) to visit 8 (1 month after the last dose). Analysis of cytokine RNA levels revealed no overall change in the response to PPD ( figure 3, A-C) . Induction of RNA for inflammatory cytokines was relatively weak in response to MBP (figure 3, D and F). Analysis of IL-10 RNA revealed 3 patterns of response to peptide treatment. A DRB1*1501-expressing patient showed a dose-dependent increase in IL-10 copy number in response to MBP ( figure  3G ). This peaked after treatment with the highest dose of peptide and was sustained 1 month after the last dose. A similar pattern was observed in a DR13/ 14 patient, with the increase in IL-10 RNA seen in response to the ATX-MS-1467 peptide cocktail rather than MBP ( figure 3H ). Some patients responded weakly to either MBP or the peptide cocktail ( figure 3I ).
DISCUSSION Treatment with a cocktail of MBP peptides can prevent EAE when given prior to disease onset. Effective treatment was associated with suppression of inflammatory cytokines and T-cell proliferation, as previously described in other mouse models. 8, 9, 23 Previous attempts to use peptides for treatment of ongoing disease have been complicated by allergic responses to the administered antigens. [24] [25] [26] Mice immunized with peptides in strong adjuvant and then treated with soluble peptide were shown to have symptoms of anaphylaxis. This is not the case in our experiments because we induced EAE using protein antigen rather than peptide. Immunization with peptide antigen will result in the induction of peptide-specific immunoglobulin E and anaphylaxis on subsequent exposure to soluble peptide. Presumably this happens with peptide rather than protein antigen because peptides can adopt conformations that are distinct from the native protein structure and are therefore not subject to tolerance mechanisms.
GA is a random copolymer of 4 amino acids and is thought to modify the function of MBP-reactive T cells. GA reduces relapse rate and improves disability in patients with relapsing-remitting MS 27 and reduces the severity of disease in mouse models of EAE. 28, 29 In our double transgenic model, daily injection of GA did not have a significant effect, whereas treatment with ATX-MS-1467 at 1/20th the dose led to an immediate inhibition of disease progression. Previously, GA has been most effective in inhibiting EAE when combined with antigen in the same inoculum, implying that it functions by either direct MHC blockade or modulating T cells cross-reactive with MBP to the Th2 phenotype. Administration of specific antigens, such as ATX-MS-1467, is clearly more effective in the treatment protocol tested here, in which the desired effect is to modify the function of previously primed rather than naive lymphocytes. The dosing regimen for the phase 1 clinical study was based on successful protocols from the field of allergy. Doses of peptide mixtures escalating to 50 or 100 mg have been administered safely with clear therapeutic efficacy. 30, 31 T cells specific for selfantigens, such as MBP, will have been subjected to repertoire selection in the thymus such that the residual repertoire of cells specific for self-antigens will be of low avidity. Three of the 4 MBP peptides in ATX-MS-1467 display low affinity for MHC (table 1) . This is not unexpected based on previous work from our own 32 and other groups 33, 34 showing that T cells specific for low-affinity epitopes escape purging in the thymus. MS7 is a clear exception to this rule; however, this epitope contains a processing site for asparagine endopeptidase. Central tolerance to this pathogenic epitope is reduced because destructive processing limits its display in the thymus. 35 We reasoned that, given the low avidity of MBP recognition, it would be necessary to administer relatively high doses of ATX-MS-1467. A further consideration for effective immunotherapy is peptide solubilitypeptides must be soluble to induce effective tolerance, as shown in models of hemolytic anemia. 36 We chose 800 mg per treatment as the upper dose to ensure absolute solubility and hence safety of the protocol. The phase 1 trial in a group of 6 patients with SPMS was successful; the treatment was welltolerated and there were changes in some patients consistent with a clinical effect of treatment. In contrast to previous peptide studies, 24, 37 treatment with ATX-MS-1467 did not result in any unexpected safety signals, enhance disease, or induce allergic complications. Administration of an analogue of the MBP 83-99 peptide (NBI-5788) caused an immediate hypersensitivity reaction following repeated dosing at greater than 5 mg per dose. ATX-MS-1467 also includes MBP 83-99; however, no unexpected side effects arose in this study. There are 2 explanations. First, ATX-MS-1467 administration followed a doseescalation protocol. As explained elsewhere, peptide dose escalation induces a sequential desensitization of antigen-specific lymphocytes. 38 This allows the safe administration of high doses of antigen while protecting the recipient from side effects. Second, the maximal dose of each individual peptide in ATX-MS-1467 was .25-fold lower than that previously used in the NBI-5788 trials.
Immunologic analysis of PBMC from this phase 1 study did not reveal any surprising changes. The fact that responses to PPD remained robust demonstrates that ATX-MS-1467 does not have a nonspecific immunosuppressive effect. The immune response to MBP was neither dramatically enhanced nor inhibited; however, the proliferative response to MBP was reduced at visit 8, 1 month after the last dose, and then increased at 3 months. This correlated with a trend toward higher levels of IL-10 gene expression at visit 8. However, this study group is too small to draw conclusions concerning the efficacy of this treatment in humans.
ATX-MS-1467 has been shown to be effective for both prevention and treatment of disease in a humanized mouse model of MS. Furthermore, the treatment protocol described was safe and well-tolerated in a group of 6 patients with SPMS and therefore warrants further investigation in the relapsing-remitting form of MS.
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